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Summary: The mouse lectin-related Ly49 family and the human killer
cell Ig-like receptor (KIR) family represent structurally distinct, yet func-
tionally analogous, class I MHC receptors that are expressed on natural
killer cells and some T cells. The functional similarity of these two fam-
ilies has been borne out by the demonstration of identical signal trans-
duction pathways associated with each receptor family. The Ly49 family
therefore provides a useful model system to study the role of this class
of receptors in the regulation of the immune system. Recent data relating
to the Ly49 repertoire in several mouse strains has revealed an additional
evolutionary parallel between KIR and Ly49 receptor families. There is
now an appreciation of the variation in the number and type of Ly49s
expressed in different mouse strains, similar to the previously demon-
strated differences in the number of KIR genes found in humans. This
review summarizes the current members of the Ly49 gene family, their
MHC class I recognition and associated signal transduction pathways.

Natural killer (NK) cells constitute an important facet of the

innate immune response against viruses, parasites, intracellu-

lar bacteria and tumor cells (1). In addition, NK cells play a

role in the regulation of the adaptive immune response. For

example, immunoglobulin (Ig) production by B cells in re-

sponse to antigenic stimulation can be enhanced as a result

of NK-cell-derived cytokines (2–5). A role for NK cells in the

development of autoimmunity has also been suggested by

studies of the murine model of experimental autoimmune

encephalomyelitis (EAE) as well as the non-obese diabetic

(NOD) mouse (6–8). Therefore, an understanding of the

basis of NK-cell control stands to dramatically impact

multiple aspects of immunobiology and medicine.

Based on the observation that NK cells preferentially kill

targets lacking major histocompatibility complex (MHC) class

By acceptance of this article, the publisher or recipient acknowledges the right
of the U.S. Government to retain a non-exclusive, royalty-free licence in and
to any copyright of the article. The content of this publication does not necess-
arily reflect the views or policies of the department of Health and Human
Services, nor does mention of trade names, commercial products, or organiza-
tions imply endorsement by the U.S. Government.



Anderson et al ¡ The ever-expanding Ly49 family

I molecules on the cell surface, Ljunggren & Kärre (9) pro-

posed that NK cells recognize and eliminate cells that lack

class I (the ‘‘missing self’’ hypothesis). As predicted by this

hypothesis, human and mouse NK cells have been found to

express receptors for class I MHC that deliver inhibitory sig-

nals to NK cells. An unexpected result that was not predicted

by the missing self hypothesis is the existence of activating

counterparts of inhibitory receptors. The human MHC class I

receptors are monomeric type I glycoproteins containing

either 2 or 3 extracellular Ig-like domains and they have been

referred to as killer cell Ig-like receptors (KIRs). In contrast,

the mouse class I MHC receptors are members of the Ly49

family of type II glycoproteins belonging to the C-type lectin

superfamily. The Ly49 proteins are expressed as disulfide-

linked homodimers, and individual Ly49s are found on sub-

sets of the total NK-cell population. The Ly49 MHC class I

receptor gene family is located on chromosome 6 in a region

designated as the NK gene complex (10). The Ly49 gene

cluster has been extensively studied in the C57BL/6 mouse,

and current information suggests that there are 11 active

genes (a–j and q) and five pseudogenes (k–n and v) in this

strain (11–14) (S. K. Anderson, unpublished observations).

However, recent work on other mouse strains from several

laboratories has indicated that the number of functional Ly49

genes is at least double that found in the C57BL/6 strain, and

that at least three of the B6 pseudogenes can be found as

active genes in other strains. This review will summarize the

currently described Ly49 genes, their proposed ligands and

their signaling capabilities.

Identification of novel Ly49s

Our interest in identifying novel Ly49 family members was

sparked by attempts to characterize the Ly49 repertoire in

different mouse strains with Ly49-specific monoclonal anti-

bodies. A survey of several mouse strains with anti-Ly49 anti-

bodies revealed considerable heterogeneity in both the level

and type of Ly49 proteins expressed (15). The differences

observed were not solely a result of class I MHC, since the

antibody reactivity of the 129/J strain was very different from

the C57BL/6 strain, even though both strains express the

same class I haplotype (H2-b). In order to obtain more infor-

mation about the nature of the Ly49s expressed in different

strains, the potential signaling capabilities of the receptors

was investigated. Activating Ly49s are readily distinguished

from inhibitory Ly49s by immunoblotting with antiphospho-

tyrosine. When Ly49 immunoprecipitates are resolved on

non-reducing SDS-PAGE gels, the inhibitory family members
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appear as diffuse glycoprotein bands of approximately 100

kDa due to the phosphorylation of the tyrosine residue con-

tained within the immunoreceptor tyrosine-based inhibitory

motif (ITIM). Activating Ly49s are revealed by the appearance

of a ladder around 32 kDa due to the multiple phosphoryla-

tion states of the immunoreceptor tyrosine-based activation

motifs (ITAMs) contained within the DAP12 homodimer. Ac-

tivating Ly49s have been shown to associate with DAP12 via a

transmembrane arginine that interacts with a transmembrane

aspartic acid residue in the DAP12 molecule (16). We were

thus able to identify activating Ly49s that reacted with anti-

bodies previously shown to recognize only inhibitory Ly49s

in B6 mice. For example, the 4D11 antibody only recognizes

the inhibitory Ly49G receptor in B6; however, an additional

activating Ly49 was immunoprecipitated by 4D11 in CBA/J

mice. PCR cloning of Ly49 cDNAs from CBA/J mice revealed

the existence of a Ly49G-related activator that was homo-

logous to the partially sequenced Ly49l gene identified in the

B6 genome (17). Expression of the CBA/J-Ly49L protein in

293 cells confirmed that it represented a 4D11-reactive acti-

vator. Conversely, inhibitory receptors were identified with an

antibody (4E5) that had previously been shown to recognize

only the activating Ly49D receptor in B6 mice. Antiphospho-

tyrosine blotting of 4E5 immunoprecipitates from 129/J NK

cells revealed the presence of both activating and inhibitory

receptors. Our laboratory has conducted a thorough screening

of a 129/J cDNA library, resulting in the isolation of ten dis-

tinct Ly49-related cDNAs (18). Three of the 129/J-Ly49

cDNAs (Ly49o, r and v) were shown to produce 4E5-reactive

proteins. Ly49O129 and Ly49V129 are Ly49AB6-related inhibitory

receptors, and Ly49R129 is a Ly49DB6-related activator. The

Ly49s expressed by NOD mice have been studied extensively

by Kane’s group (7, 8). Alleles of the B6 Ly49 a, d, g and m

genes are expressed in this strain. NOD mice also express an

allele of a Ly49a-related activator (Ly49p) that was found in

129/J mice. A novel NOD receptor, Ly49w, appears to be a

chimera containing the first five exons of Ly49l and the last

two exons of Ly49g.

Extensive characterization of the Ly49s expressed by differ-

ent mouse strains has indicated that the number of intact Ly49

genes is much larger than previously imagined. It appears that

studying the Ly49 repertoire in a single mouse strain can

be compared to studying human KIR expression in a single

individual. The human KIR gene cluster has been shown to

vary significantly among individuals, with the number of KIR

genes in a given haplotype ranging from six to ten (19). Of

the several mouse strains that have been investigated, there

appears to be a significant difference in the type of Ly49 genes
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expressed, suggesting that the gene content varies among

mouse strains. Evidence for highly variable gene content has

been provided by McQueen et al. (11), who showed that a

single exon probe detected varying numbers of genes in dif-

ferent mouse strains. It is probable that the overall architec-

ture of the Ly49 gene cluster is conserved between strains,

and there are partial or complete deletions of certain genes

in individual strains. Unlike the human KIR genes, there are

several examples of strain-specific inactivation of Ly49 genes.

The Ly49l gene produces intact transcripts in CBA, C3H, and

BALB/c mice, but no evidence of gene activity has been

found in B6 or 129/J mice (8, 17). There are three examples

of Ly49 genes that are present in a given strain, but silenced

due to a stop codon in exon 4. The Ly49m gene produces a

functional transcript in NOD mice, but the B6 allele contains

a stop codon at the beginning of exon 4 (8). The B6 Ly49k

gene has been shown to contain a stop codon at the end of

exon 4 (12). Our laboratory has found a Ly49i-related gene

in 129/J mice that contains a stop codon at the end of exon

4 (S. K. Anderson, unpublished).

The characterization of the Ly49 gene cluster in C57BL/6

mice has revealed the presence of at least 14 Ly49 genes (a–n).

An additional B6 Ly49 has been recently reported in GenBank

(Ly49q); however, there is currently no information on the

location of the gene for this cDNA. Our laboratory has iden-

tified seven Ly49 cDNAs that could potentially represent novel

genes in the 129/J strain, and there is currently no report of

their presence in the B6 genome. However, there are several

large gaps in the B6 map of the Ly49 cluster that could contain

additional genes. In this regard, we have cloned and se-

quenced an exon 7-containing fragment from B6 genomic

DNA that has 98% nucleotide identity (429/436) with the

129 Ly49v cDNA and therefore probably represents the B6

allele of the Ly49v gene. Attempts to clone the Ly49vB6 cDNA

have been unsuccessful, suggesting that it represents a partial

gene in B6 mice.

If one takes into account the new Ly49 cDNAs discovered

recently, there is now a total of 23 potential Ly49 genes. Ly49a,

b, c, e, f, g, i, j, o, q, s, t and v are predicted to code for inhibitory

receptors, while Ly49d, h, k, l, m, n, p, r, u and w are predicted

to code for activators. The activating receptors have been

shown to be more abundant than originally thought, but in

the B6 and 129 strains, the number of inhibitory receptors

that are expressed is significantly higher than the activating

receptors. This is not the case for the NOD mouse, however,

since four of the six Ly49s described in this strain are activat-

ing (d, m, p and w) (7, 8). Perhaps the balance between activ-

ating and inhibitory receptors will have some bearing on the
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tendency of particular strains to develop autoimmunity. This

possibility is supported by the observation that congenic

NOD mice containing the B6 NK complex have a reduced

incidence of diabetes (20).

It appears that the Ly49 family can be broken down into

pairs of activating and inhibitory receptors that have highly

homologous (95–97% aa identity) recognition domains.

Examples of homologous receptor pairs include Ly49O/

Ly49D, Ly49I/Ly49U, Ly49C/Ly49H and Ly49G/Ly49W. This

may be a reflection of the mechanism by which the Ly49 gene

family has expanded. Duplication of an inhibitory receptor

was probably followed by recombination with an activating

receptor. The investigation of the nature of the Ly49 gene fam-

ily has come to a point where the determination of the gen-

omic sequence of the Ly49 gene cluster and the number of

expressed genes in several mouse strains will be crucial to

obtaining a complete understanding of the evolution and

function of these genes. Comparative analysis of the promoter

regions of various family members may yield information on

regions that are critical for either the cell-specific or the tem-

poral regulation of family members.

MHC class I binding of Ly49 proteins

The MHC class I-binding characteristics have been studied for

the majority of known Ly49s, either in cell-based assays or

by class I tetramer staining (7, 8, 18, 21–26). Fig. 1 shows a

listing of all the currently defined Ly49 proteins, the pre-

dicted class I MHC ligands and antibody reactivities. The

identification of a large number of Ly49s capable of binding

to the Dd molecule has made it possible to generate a consen-

sus Ly49 sequence associated with Dd binding. Fig. 2 shows

the 8/8 consensus sequence generated with the Ly49A, D, G,

O, P, R, V and W sequences. The consensus sequence contains

almost all of the residues identified as interacting in the

Ly49A-Dd complex by Tormo et al. (27). The putative contact

residues that are not conserved in all eight family members

represent differences that are found in the Ly49G and W pro-

teins, and may account for the decreased binding of these

receptors to Dd relative to Ly49A. The only Dd-binding Ly49

that does not fit this consensus is Ly49C, which has been

shown to bind a broad range of class I molecules. In fact,

almost every proposed contact residue is different in Ly49C,

and the five residues that are conserved are found in every

Ly49 family member. A consensus can also be generated for

Db-binding Ly49s, and in this case, the only Ly49 that does

not fit is the promiscuous Ly49V molecule. This suggests that

the Ly49s capable of binding to multiple class I haplotypes
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may use contact residues outside of those identified for the

Ly49A-Dd interaction. Mutational analysis of the Ly49C pro-

tein by Lian et al. has demonstrated the importance of two

C-terminal isoleucine residues in the recognition of class I

MHC (28). In a cell–cell binding assay, Ly49C binds to cells

expressing Dd, Db, Kb, Kk, H-2b and H-2s class I molecules,
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Fig. 1. Characteristics of known Ly49 proteins. A complete list of the
predicted Ly49 proteins that are currently described is shown, with the
exception of the Ly49k and n gene products, for which no complete
protein coding sequence is known. Ly49A–J and Q are based on
information derived from the C57BL/6 proteins; Ly49L is from
CBA/J; Ly49O, P and R–V are from 129/J; and Ly49M, P and W are
from NOD mice. Inhibitory Ly49s are listed in red type and activating
receptors are listed in green. The predicted class I MHC ligands of each
receptor is listed, based on functional assays and binding of soluble
class I MHC tetramers. The Ly49 proteins that have been shown to bind
Dd are indicated by the shaded boxes. The monoclonal antibodies
known to react with each receptor are listed.

whereas the highly related Ly49I receptor does not. Substi-

tution of isoleucine 226 of Ly49C with the corresponding

Ly49I residue (threonine) resulted in the loss of MHC bind-

ing. Replacement of isoleucine 247 with threonine only

affected the ability of the mutated Ly49C to bind Dd and

H-2s-expressing cells. This result is consistent with the poly-

morphic region adjacent to isoleucine 247 playing a role in

allelic specificity as indicated by the crystal structure of Ly49A

(27). Whether or not these two residues actually contact class

I and contribute to the broad specificity of Ly49C can only

be resolved by the determining the structure of Ly49C bound

to class I MHC.

Signaling by inhibitory Ly49s

As our understanding of the genetics of the Ly49 repertoire

expands, the potential impact of this family of receptors is

magnified. Therefore, in an effort to understand the biochem-

ical functions and, thereby, the physiological role of these

receptor systems, several groups have been characterizing

their signal transduction pathways. These studies, like those

of the human Ly49 counterparts, the KIRs, initially followed

in the footsteps of individuals studying inhibitory pathways

activated by the Fc receptor of B cells, FcgRIIb. Early work

on this receptor showed that co-engagement with the B-cell

receptor (BCR) inhibited immunoglobulin production (29,

30). Mutagenesis of FcgRIIb demonstrated that a tyrosine-

based motif within its cytoplasmic tail was required for in-

hibitory activity (31). Subsequent studies showed that phos-

phorylation of the tyrosine residue within this motif me-

diated the recruitment of cytosolic protein tyrosine phospha-

tases (32).

Although it has recently been demonstrated that most of

the inhibitory activity of FcgRIIb is mediated via lipid phos-

phatases, not protein phosphatases, this early work led to the

description of the ITIM (32). The motif was defined as con-

taining a tyrosine in configuration for phosphorylation, fol-
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Fig. 2. The majority of proposed Ly49/class I contact residues are the positions of non-conserved amino acids. Residues shown to be
conserved in all H2-Dd-binding Ly49 proteins with the exception of involved in Ly49A/class I H2-Dd binding by Tormo et al. (27) are
Ly49C. The consensus amino acid sequence derived from the underlined in bold type. The amino acid residues of Ly49C that
comparison of Ly49A, D, G, O, P, R, V and W is shown. Amino acids correspond to the proposed contact residues of Ly49A are shown
that are found in eight out of eight sequences are shown in uppercase, below the consensus sequence. Amino acids of Ly49C that are identical
while residues within the putative MHC class I contact regions that are to the consensus are underlined. Arrows indicate the position of residues
found in six of eight receptors are shown in lowercase. Dashes represent required for Dd binding as described by Lian et al. (28).

lowed three residues later by a hydrophobic residue (Y*xxL/

V). This set the stage for the description of other receptors

that contain ITIMs. It was quickly noted that both Ly49s and

KIRs possess cytoplasmic ITIMs (33), and in 1996 Burshtyn

et al. demonstrated that KIRs become tyrosine phosphorylated

and recruit src homology 2 (SH2) domain-containing pro-

teins and refined the consensus for an ITIM to include hydro-

phobic residues at the -2 position relative to the phosphotyro-

sine (I/VxY*xxI/L/V) (34). Olcese et al. then demonstrated

the ability of phosphopeptides derived from Ly49s to interact

with protein phosphatases (35). A subsequent study by our

group demonstrated differential tyrosine phosphorylation of

Ly49s following pharmacological stimulation. Ly49s A, C/I

and G2 were efficiently tyrosine phosphorylated following

pervanadate treatment. In contrast, Ly49D, a receptor that un-

like others within the Ly49 family appeared to activate NK

cells, was not phosphorylated (36). In addition, we were able

to demonstrate the ability of phosphorylated Ly49s to co-

immunoprecipitate SH2 domain-containing protein phospha-

tase (SHP)-1. Interestingly, even though no inhibitory Ly49

has more than one ITIM, inhibitory Ly49s contain various

numbers of additional cytoplasmic tyrosine residues. More-

over, our data suggested a correlation between the number

of additional tyrosines and the levels of phosphorylation we

detected, suggesting that these additional residues might be

phosphorylated themselves or facilitate the phosphorylation

of the ITIM tyrosine residue. However, our detailed mutagen-

esis of the additional tyrosine residues of Ly49G2 demon-
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strated that these tyrosines were not phosphorylated, nor

were they required for phosphorylation of the ITIM residue

or the inhibitory activity of the receptor (36).

There is currently little data that addresses the mechanism

leading to inhibitory Ly49 phosphorylation. Data from KIR

studies have suggested that members of the src family of pro-

tein tyrosine kinases are responsible for the phosphorylation

of the KIR ITIM (37). In addition, it has been shown that

ITIM phosphorylation is greater when inhibitory receptors

are co-engaged with activating receptor complexes (38). To-

gether, these findings suggest a model where src family ki-

nases activated during effector:target interactions or ligation

of other activating receptors mediate the phosphorylation of

the Ly49 ITIMs, resulting in the recruitment and activation

of SHP-1 and the subsequent suppression of tyrosine-based

signaling. Consistent with this model, Ly49s exist as homo-

dimers where each chain provides a single ITIM, whereas KIR

are monomeric but each receptor chain contains two ITIMs.

The two-ITIM functional unit may be a mechanism for ef-

ficient recruitment and activation of SHP-1, which contains

two SH2 domains (39, 40). Further support for this model

comes from studies of Ly49A function in mice deficient in

SHP-1. Ly49A-mediated inhibition is diminished in the NK

cells of these mice but is not completely absent (41). The

presence of residual Ly49-mediated inhibition in SHP-1-de-

ficient animals may be due to the ability of the ITIMs of Ly49s

to bind to inhibitory mediators other than SHP-1 (35).

Although the role for the Ly49 and SHP-1 is clear in NK-
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Fig. 3. Model of Ly49-mediated inhibition. See text for details.

cell inhibition, the molecular targets of SHP-1 in murine NK

cells are not known. Work in the KIR system has suggested

several potential targets, including the signaling chain T-cell

receptor (TCR) z, Zap70, phospholipase Cg (PLCg), and the

adaptors linker for activation of T cells (LAT) and SH2 do-

main-containing leukocyte protein (Slp)-76 (42–44).

Whether these same targets are dephosphorylated by Ly49-

recruited SHP-1 is presently unclear, as is the validity of these

targets, because of the reported normal NK cytotoxicity in

LAT or Slp-76 knockout mice (45, 46).

Taken together, the studies on Ly49-mediated inhibition

are consistent with the findings of human KIR. They suggest

a model where, during target cell interrogation, the presence

of inhibitory Ly49 ligands results in the co-clustering of the

inhibitory receptors with the activation complex (Fig. 3). The

result is tyrosine phosphorylation of the ITIM of the Ly49s,

likely mediated by src-family kinases activated by activation

receptors such as NKp46. SHP-1 is therefore positioned in

close proximity with potential substrates. This model predicts

that suppression of src-family activity and/or prevention of

co-clustering of Ly49s with activation complexes would pre-

vent the phosphorylation of Ly49s and prevent them from

recruiting SHP-1 or suppressing cytotoxicity. More studies

into the mechanisms that lead to Ly49s are clearly needed to

thoroughly test this model.
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Signaling by activating Ly49s

Not all Ly49s contain cytoplasmic ITIMs. It has now become

clear that Ly49s or KIR lacking ITIMs deliver activation signals

to NK cells. The first clues of the biochemical mechanism

of Ly49-mediated activation came from our studies of Ly49

phosphorylation. Immunoprecipitations of Ly49D, an activat-

ing receptor, under non-reducing conditions showed no re-

ceptor phosphorylation but co-immunoprecipitation of a

tyrosine-phosphorylated protein with an estimated mass of

32 kDa. This co-precipitating protein reduced to phosphoryl-

ated monomers with a mass of 16 kDa, and we termed this

protein pp16 (16). Our analysis demonstrated that pp16 was

associated with Ly49D prior to receptor engagement and that

cross-linking the receptor resulting in a prominent, transient

phosphorylation of pp16. The co-immunoprecipitation of

Ly49D and pp16 was consistent with the expression of both

TCRz and FcRg in NK cells and the presence of a positively

charged residue (Arg54) in the Ly49D transmembrane seg-

ment. Other multichain immune recognition receptors such

as the TCR, BCR and FcR, utilize a charged residue within

their transmembrane domain for the interaction with sig-

naling chains carrying the opposite charge. Pp16 co-im-

munoprecipitated with Ly49D in TCRz and FcRg double

knockout mice, suggesting that pp16 was a novel signaling

chain (16). In fact, we demonstrated that mutation of Arg54

within Ly49 ablated both pp16 association and Ly-49D-me-

diated signaling (16). Based on the characteristics ascribed to

pp16 by our group and similar characteristics described for

a small protein that co-immunoprecipitates with activating

KIR (47), Lanier’s group cloned a KIR-interacting protein and

named it Dap12 (48). Using a murine Dap12 cDNA and anti-

pp16 antisera, we were able to confirm that pp16 was Dap12,

and that it binds to and mediates the signaling of the activat-

ing Ly49s D, H and P (49–51).

Dap12 is a 113 amino acid protein with a non-phosphoryl-

ated predicted mass of 12 kDa. The chain contains 12 extra-

cellular amino acids including a CxC motif likely involved in

its homodimerization. The transmembrane span includes an

aspartic acid residue for interaction with Arg54 of Ly49D (48).

Most importantly, the Dap12 cytoplasmic tail includes a single

ITAM. Unlike the ITIM, an ITAM contains two tyrosine resi-

dues in configuration for phosphorylation. Both tyrosines of

Dap12 are followed by hydrophobic residues at π3 relative

to the phosphotyrosine. In addition, the dual tyrosines of an

ITAM are precisely spaced for engagement of the dual SH2

domains of the Syk/Zap70 kinases that are both expressed in

NK cells (52, 53). In fact, phosphorylated peptides derived
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from Dap12 bind both Syk and Zap70 from cellular lysates

(48).

Ligation of Ly49D leads to tyrosine phosphorylation of not

only Dap12, but several other substrates as well (53). There-

fore, using a rat NK-cell line engineered to express mouse

Ly49D, we have begun the dissection of the Ly49D pathway

in an effort to understand the role this protein plays in the

regulation of NK-cell biology. Our initial work demonstrated

that Syk, but not Zap70, was phosphorylated following

Ly49D/Dap12 engagement. Moreover, we could detect an in-

crease in Syk catalytic activity following Ly49D cross-linking,

whereas Zap70 activity was unaffected. Finally, we showed

that dominant negative Syk but not Zap70 was able to sup-

press Ly49D signaling (53). The apparent Syk dependence of

Dap12 signaling is consistent with the expression of Dap12

in cells that do not express significant levels of Zap70. Inter-

estingly, despite this biochemical evidence that Dap12 sig-

naling is dependent on Syk, and our recent finding that phar-

macological inhibitors of Syk efficiently block downstream

events (54), NK cells derived from Sykª/ª fetal liver cells

appear to signal via Ly49D/Dap12 (55). The most likely ex-

planation for these results is that development of Sykª/ª NK

cells results in a shift in their signaling to Zap70. This model

could be tested via biochemical analysis of the Sykª/ª NK

cells.

The events that occur downstream of Syk activation remain

poorly defined. We and others have demonstrated tyrosine

phosphorylation of PLCg, mobilization of intracellular cal-

cium and activation of the mitogen-activated protein kinases

(Mapk) extracellular signal-regulated kinase 1 and 2 (Erk1/2)

(53). We have also recently demonstrated tyrosine phos-

phorylation of LAT (56). Consistent with both LAT and Erk1/2

activation, we recently demonstrated an increase in the bind-

ing of activator protein-1 complexes by electrophoretic mo-

bility shift assay. Gene chip analysis suggested that Ly49D/

Dap12 cross-linking leads to substantial activation of a num-

ber of genes, most notably several chemokines, and treatment

with inhibitors of Mapk or Syk efficiently suppress chemokine

production (54). At present, the pathways connecting Dap12

phosphorylation with Erk1/2 activation and ultimately gene

transcription are completely unknown. Moreover, the ability

of antibodies to Ly49 to mediate reverse antibody-dependent

cellular cytotoxicity suggests that the Ly49D/Dap12 pathway

can also couple to the cytolytic machinery (57). Natural cyto-

toxicity is dependent on phosphoinositide-3 kinase (PI3K),

Erk1/2 and the stress-activated Mapk p38 (58–61). Inhibition

of any of these pathways inhibits cytolytic activity, suggesting

that Ly49D may also activate p38 and/or PI3K. Notably, how-
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ever, treatment of NK cells with inhibitors of p38 does not

block Ly49D-mediated production of cytokines or chemo-

kines (54). These issues are still currently under investigation.

Based on these studies, we can begin to formulate a model

to explain Ly49-mediated NK activation (Fig. 4). During target

interrogation, the presence of ligands for activating Ly49s

leads to the co-engagement of Ly49s and the NK cytolytic

activation complex comprised of NKp46 or other target rec-

ognition receptors. The activating Ly49s likely mediate the

phosphorylation of Dap12 via the Src-family kinases. Once

phosphorylated, Dap12 recruits and activates the Syk/Zap70

kinase Syk. Our studies suggest that Syk then mediates all

the downstream events. We propose that the Syk-mediated

phosphorylation of Cbl is involved in the regulation of the

Dap12 complex, and that the activation of Mapk by Ly49D is

required for the transcriptional events associated with engage-

ment. Through the production of cytokines and chemokines,

we propose that activating Ly49s participate not only in aug-

menting cytolytic signals initiated by other receptors but also

in the recruitment of other effector cells to an immune site.

A principal role for Dap12 in ‘‘calling out the troops’’ is sup-

ported by the potent induction of chemokines we have docu-

mented and in the defects in immune priming evident in the

Dap12 knockout and loss-of-function mice.

As we have investigated the Ly49 repertoire of various

strains of mice, we have documented what may represent di-

verse Ly49/Dap12 signaling capabilities as well. Initial analy-

sis of Dap12-mediated signal transduction in a variety of

gene-targeted mice suggested that Dap12 signaling is impaire

din mice of the 129/J background. Cross-linking of Ly49D

induced Dap12 phosporylation but failed to cause calcium

mobilizationin 129/J NK cells, and these same cells failed to

demonstrate Ly49D-mediated lysis of Chinese hamster ovary

targets. Each of these deficits was seen despite the detection

of activation-induced Dap12 phosphorylation. As mentioned

above, we have cloned the Ly49D-like activation receptor of

129/J mice and named it Ly49R (18). The sequence of Ly49R

suggests no basis for its lack of function in 129/J NK cells.

In fact, when the Ly49D/Dap12 receptor complex is reconsti-

tuted in HEK293 T cells, Ly49R signals just as well as Ly49D.

In addition, transfection of Ly49R or D into a human Dap12π

cell line also demonstrates similar function for the two genes.

Furthermore, we have demonstrated by cDNA cloning that

129/J-derived Dap12 is identical to that of C57BL/6 mice.

Together, these findings suggest a signaling deficit in the

129/J NK cells themselves. We have documented defects in

the 129/J Dap12 signaling pathway by expressing Ly49D on

NK cells sorted from 129/J or C57BL/6 mice. After infection
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Fig. 4. Pathways involved in the activation of NK cells via Ly49D/ regulated kinase (Erk) and protein kinase C (PKC). Compounds in bold
Dap12. Mediators include phosphatidylinositol 4,5-bisphosphate (PIP2), inhibit the signal transduction cascade at the points indicated. See text
inositol 1,4,5-trisphosphate (IP3), diacylglycerol (DAG), phospholipase for details.
Cg (PLCg), the linker for activation of T cells (LAT), extracellular signal

with a vaccinia construct, the C57BL/6 NK cells expressed

ample Ly49D and mobilized intracellular calcium upon cross-

linking. In contrast, cross-linking had no effect on the 129/J

NK cells even though they expressed Ly49D. These experi-

ments provide strong evidence that the Ly49/Dap12 signal

transduction cascade is defective in 129/J mice even though

calcium mobilization induced by the TCR of these mice is

normal. These findings are particularly important due to the

common use of 129 substrains in the generation of gene-

targeted mice and the reported differences in the immune

responses between these strains. For example, due to the gen-

etic background of their immune cells, 129 mice are highly

susceptible to infection with Sendai virus (62). In addition,

129 mice are highly susceptible to the induction of experi-

mental systemic lupus erythematosis (63), and there are

marked differences in the susceptibility of C57BL/6 and 129

mice to EAE (64). 129/J mice are also highly susceptible to

murine cytomegalovirus (65), and the antiviral response of
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resistant strains is mediated by NK cells (66, 67). Moreover,

analysis of bone marrow graft rejection, a process regulated

by Ly49-bearing cells, showed that 129/J mice failed to re-

ject, or weakly rejected, marrow from a variety of donor

strains that were rejected by C57BL/6 mice (68). All of these

differences are observed despite the fact that C57BL/6 and

129/J mice share the same MHC haplotype, H-2b. Our find-

ings suggest that some of the immunological characteristics

attributed to 129/J mice, and/or to gene-targeted animals

derived from this strain, may be due to an apparent blockade

in Dap12 signaling somewhere between Dap12 phosphoryla-

tion and calcium mobilization.

The significance of the continued study of the signal trans-

duction cascade of Dap12 was recently underscored by the

report of the immune phenotype of mice deficient in Dap12

or Dap12 signaling (69, 70). These mice show a pronounced

deficit in the ability to respond to immunological challenge.

They have increased numbers of cutaneous dendritic cells (a
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cell population that also expresses Dap12), they have a re-

duced response in a model of EAE (69), and they have a

pronounced reduction in contact hypersensitivity (70). These

data suggest that understanding the signaling mechanisms in-

volved in the Ly49/Dap12 response could lead to therapeutic

targets for the treatment for a variety of immune disorders.

In summary, our genetic and biochemical analysis of both

the Ly49 repertoire and Ly49 signaling has unveiled an in-

creasingly complex picture of the class I binding receptors

of murine NK cells. The results suggest extreme caution is

warranted when using receptor-specific reagents outside of

the strain in which they were originally characterized. The
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Dap12 signaling. Regardless, together with the continued

study of the complex repertoires of the KIR, continued study

of the murine Ly49s should shed light on the underlying role

of these large receptor families in the control of the immune

response.



Anderson et al ¡ The ever-expanding Ly49 family

25. 37. 48.George TC, Mason LH, Ortaldo JR, Kumar Binstadt BA, et al. Sequential involvement Lanier LL, Corliss BC, Wu J, Leong C,
V, Bennett M. Positive recognition of MHC of Lck and SHP-1 with MHC-recognizing Phillips JH. Immunoreceptor DAP12 bearing
class I molecules by the Ly49D receptor of receptors on NK cells inhibits FcR-initiated a tyrosine-based activation motif is
murine NK cells. tyrosine kinase activation. involved in activating NK cells.
J Immunol 1999;162:2035–2043. Immunity 1996;5:629–638. Nature 1998;391:703–707.

26. 38. 49.Nakamura MC, et al. Mouse Ly-49D Blery M, et al. Reconstituted killer cell Smith KA, Wu J, Bakker ABH, Phillips JH,
recognizes H-2Dd and activates natural killer inhibitory receptors for major Lanier LL. Ly49D and Ly49H associate with
cell cytotoxicity. histocompatibility complex class I mouse DAP12 and form activating
J Exp Med 1998;189:493–500. molecules control mast cell activation receptors.

27. induced via immunoreceptor tyrosine-Tormo J, Natarajan K, Margulies DH, J Immunol 1998;161:7–10.
Mariuzza RA. Crystal structure of a lectin- based activation motifs. 50. Gosselin P, Mason LH, Willette-Brown J,
like natural killer cell receptor bound to its J Biol Chem 1997;272:8989–8996. Ortaldo JR, McVicar DW, Anderson SK.
MHC class I ligand. 39. Pei D, Wang J, Walsh CT. Differential Induction of DAP12 phosphorylation,
Nature 1999;402:623–631. functions of the two Src homology 2 calcium mobilization, and cytokine

28. domains in protein tyrosine phosphataseLian RH, Li Y, Kubota S, Mager DL, Takei F. secretion by Ly49H.
Recognition of class I MHC by NK receptor SH-PTP1. J Leukoc Biol 1999;66:165–171.
Ly-49C: identification of critical residues. Proc Natl Acad Sci USA 51. Makrigiannis AP, et al. Cloning and
J Immunol 1999;162:7271–7276. 1996;93:1141–1145. characterization of a novel activating Ly49

29. 40. closely related to Ly49A.Amigorena S, et al. Cytoplasmic domain Pei D, Lorenz U, Klingmüller U, Neel BG,
heterogeneity and functions of IgG Fc Walsh CT. Intramolecular regulation of J Immunol 1999;163:4931–4938.
receptors in B lymphocytes. protein tyrosine phosphatase SH-PTP1: a 52. Hatada MH, et al. Molecular basis for
Science 1992;256:1808–1812. new function for Src homology 2 domains. interaction of the protein tyrosine kinase

30. Biochemistry 1994;33:15483–15493.Choquet D, Partiseti M, Amigorena S, ZAP-70 with the T-cell receptor.
Bonnerot C, Fridman WH, Korn H. Cross- 41. Nakamura MC, Niemi EC, Fisher MJ, Shultz Nature 1995;377:32–38.
linking of IgG receptors inhibits membrane LD, Seaman WE, Ryan JC. Mouse Ly-49A 53. McVicar DW, et al. DAP12 mediated signal
immunoglobulin-stimulated calcium influx interrupts early signaling events in natural transduction in NK cells: a dominant role
in B lymphocytes. killer cell cytotoxicity and functionally for the Syk protein tyrosine kinase.
J Cell Biol 1993;121:355–363. associates with the SHP-1 tyrosine J Biol Chem 1998;273:32934–32942.

31. phosphatase.Muta T, Kurosaki T, Misulovin Z, Sanchez 54. Ortaldo JR, Bere EW, Hodge D, Young HA.
M, Mussenzweig MC, Ravetch JV. A 13- J Exp Med 1997;185:673–684. Activating Ly-49 NK receptors: central role
amino acid motif in the cytoplasmic 42. Valiante NM, Phillips JH, Lanier LL, Parham in cytokine and chemokine production.
domain of FcgRIIB modulates B-cell P. Killer cell inhibitory receptor recognition J Immunol 2001;166:4994–4999.
receptor signaling. of human leukocyte antigen (HLA) class I 55. Colucci F, et al. Redundant role of the Syk
Nature 1994;368:70–73. blocks formation of a pp36/PLC-g signaling protein tyrosine kinase in mouse NK cell

32. complex in human natural killer (NK) cells.D’Ambrosio D, et al. Recruitment and differentiation.
activation of PTP1C in negative regulation J Exp Med 1996;184:2243–2250. J Immunol 1999;163:1769–1774.
of antigen receptor signaling by FcgRIIB1. 43. Binstadt BA, et al. SLP-76 is a direct 56. Zhang W, Sloan-Lancaster J, Kitchen J,
Science 1995;268:293–297. substrate of SHP-1 recruited to killer cell Trible RP, Samelson LE. LAT: the ZAP-70

33. inhibitory receptors.Vely F, Vivier E. Conservation of structural tyrosine kinase substrate that links T cell
features reveals the existence of a large J Biol Chem 1998;273:27518–27523. receptor to cellular activation.
family of inhibitory cell surface receptors 44. Brumbaugh KM, Perez-Villar JJ, Dick CJ, Cell 1998;92:83–92.
and noninhibitory/activatory counterparts. Schoon RA, Lopez-Botet M, Leibson PJ. 57. Mason LH, Anderson SK, Yokoyama WM,
J Immunol 1997;159:2075–2077. Clonotypic differences in signaling from Smith HR, Winkler-Pickett R, Ortaldo JR.

34. CD94 (kp43) on NK cells lead to divergentBurshtyn DN, et al. Recruitment of tyrosine The Ly-49D receptor activates murine
phosphatase HCP by the killer cell inhibitor cellular responses. natural killer cells.
receptor. J Immunol 1996;157:2804–2812. J Exp Med 1996;184:2119–2128.
Immunity 1996;4:77–85. 45. Zhang W, et al. Essential role of LAT in T 58. Wei S, et al. Direct tumor lysis by NK cells

35. cell development.Olcese L, et al. Human and mouse killer- uses a Ras-independent mitogen-activated
cell inhibitory receptors recruit PTP1C and Immunity 1999;10:323–332. protein kinase signal pathway.
PTP1D protein tyrosine phosphatases. 46. Peterson EJ, Clements JL, Ballas ZK, J Immunol 2000;165:3811–3819.
J Immunol 1996;156:4531–4534. Koretzky GA. NK cytokine secretion and 59. Trotta R, et al. Dependence of both

36. cytotoxicity occur independently of theMason LH, Gosselin P, Anderson SK, Fogler spontaneous and antibody-dependent,
WE, Ortaldo JR, McVicar DW. Differential SLP-76 adaptor protein. granule exocytosis-mediated NK cell
tyrosine phosphorylation of inhibitory Eur J Immunol 1999;29:2223–2232. cytotoxicity on extracellular signal-regulated
versus activating Ly-49 receptor proteins 47. Olcese L, Cambiaggi A, Semenzato G, kinases.
and their recruitment of SHP-1 Bottino C, Moretta A, Vivier E. Human killer J Immunol 1998;161:6648–6656.
phosphatase. cell activatory receptors for MHC class I 60. Chini CC, Boos MD, Dick CJ, Schoon RA,
J Immunol 1997;159:4187–4196. molecules are included in a multimeric Leibson PJ. Regulation of p38 mitogen-

complex expressed by natural killer cells. activated protein kinase during NK cell
J Immunol 1997;158:5083–5086. activation.

Eur J Immunol 2000;30:2791–2798.

88 Immunological Reviews 181/2001



Anderson et al ¡ The ever-expanding Ly49 family

61. 64. 68.Jiang K, et al. Pivotal role of Fritz RB, Zhao ML. Active and passive Lotzova E, Dicke KA, Trentin JJ, Gallagher
phoshoinositide-3 kinase in regulation of experimental autoimmune MT. Genetic control of bone marrow
cytotoxicity in natural killer cells. encephalomyelitis in strain 129/J (H-2b) transplantation in irradiated mice:
Nat Immunol 2000;1:419–425. mice. classification of mouse strains according to

62. J Neurosci Res 1996;45:471–474.Mo XY, Sangster M, Sarawar S, Coleclough their responsiveness to bone marrow
C, Doherty PC. Differential antigen burden 65. Morello CS, Cranmer LD, Spector DH. In vivo allografts and xenografts.
modulates the gamma interferon but not replication, latency, and immunogenicity of Transplant Proc 1977;9:289–292.
the immunoglobulin response in mice that murine cytomegalovirus mutants with 69. Bakker AB, et al. DAP12-deficient mice fail
vary in susceptibility to Sendai virus deletions in the M83 and M84 genes, the to develop autoimmunity due to impaired
pneumonia. putative homologs of human antigen priming.
J Virol 1995;69:5592–5598. cytomegalovirus pp65 (UL83). Immunity 2000;13:345–353.

63. J Virol 1999;73:7678–7693.Mittleman BB, Morse HC III, Payne SM, 70. Tomasello E, et al. Combined natural killer
Shearer GM, Mozes E. Amelioration of 66. Andrews DM, Farrell HE, Densley EH, cell and dendritic cell functional deficiency
experimental systemic lupus erythematosus Scalzo AA, Shellam GR, Degli-Esposti MA. in KARAP/DAP12 loss-of-function mutant
(SLE) by retrovirus infection. NK1.1π cells and murine cytomegalovirus mice.
J Clin Immunol 1996;16:230–236. infection: what happens in situ? Immunity 2000;13:355–364.

J Immunol 2001;166:1796–1802.
67. Farrell HE, Degli-Esposti MA, Davis-Poynter

NJ. Cytomegalovirus evasion of natural killer
cell responses.
Immunol Rev 1999;168:187–197.

89Immunological Reviews 181/2001


